A motif containing ¢ve conserved amino acids (RXPXTH(X) 14 P) was detected in 111 proteins, including 82 nicotinic acetylcholine receptor (nAChR) subunits and 20 catalases. To explore possible functional roles of this motif in nAChRs two approaches were used: ¢rst, the motif sequences in nAChR subunits and catalases were analysed and compared; and, second, deletions in the rat a2 and b4 nAChR subunits expressed in Xenopus oocytes were analysed. Compared to the three-dimensional structure of bovine hepatic catalase, structural coincidences were found in the motif of catalases and nAChRs. On the other hand, partial deletions of the motif in the a2 or b4 subunits and injection of the mutants into oocytes was followed by a very weak expression of functional nAChRs; oocytes injected with a2 and b4 subunits in which the entire motif had been deleted failed to elicit any acetylcholine currents. The results suggest that the motif may play a role in the activation of nAChRs.
INTRODUCTION
The nicotinic acetylcholine receptor (nAChR) is the prototype of a superfamily of ligand-gated ion channels that includes ®-amino butyric acid (GABA) types A and r, glycine and serotonin type 3 receptors (Karlin & Akabas 1995; Hucho et al. 1996) . The nAChRs are multisubunit proteins in which ¢ve subunits are arranged to form a central ion channel; they are widely distributed throughout the peripheral and central nervous systems of both vertebrates and invertebrates. The topology of the nAChR comprises three parts (Mishina et al. 1985) : the extracellular region that includes most of the surface of the receptor and contains the glycosylation and ligandbinding sites (Gehle & Sumikawa 1991; Nowak et al. 1995) ; four transmembrane regions, M1^M4 (Noda et al. 1983) , with M2 being the most likely to form the ionic pore (Galzi et al. 1992; Lindstrom et al. 1998) ; and the intracellular regions, formed mainly by the loop connecting the M3 and M4 transmembrane segments, which is where the sites of phosphorylation and the contact with the 43 kD protein are located (Mitra et al. 1989; Wagner et al. 1991; Nishizaki & Sumikawa 1998 ).
An initial search for patterns of conserved amino-acid residues associated with phosphorylation sites in a set of ligand-gated receptors, including nAChRs, GABA, glycine and glutamate receptors was done using the program MOTIF (Smith et al. 1990) . In this program, à pattern' is any arrangement of two or more amino acids occurring in a protein and a`motif ' is a pattern that occurs frequently within a group of proteins. A`block' is a solid array of aligned sequence segments containing a motif. A motif common to several nAChR subunits but not present in GABA, glycine and glutamate receptors was detected. Subsequently, the search was extended into the Swiss-Prot and Trembl Protein data banks and a total of 111 di¡erent proteins were found to contain the RXPXTH(X) 14 P motif, conserved entirely and with no gaps.
This paper explores sequence similarities between nAChR subunits and catalases, and speculates on the possible functional roles of the motif in the rat a2 and b4 nAChRs.
METHODS

(a) Motif quest
A FASTA search through the Swiss-Prot and Trembl data banks was made using the amino-acid pattern RXPXTH(X) 14 P, in which the Xs represent unsp eci¢ed amino acids. The same query was made in the PDBSTR database, searching for crystallized proteins containing this motif.
(b) Construction of mutated cDNAs
The cDNAs of rat a2 and b4 nicotinic subunits were used as templates to delete the motif completely or partially by p olymerase chain reaction (PCR) ampli¢cation (¢gure 1); four mutants were constructed.
(i) ¬2(¢332^352)
The 21 amino acids RSPSTHNMPNWVRVALLGRVP of the wild-type a2 subunit were deleted using the oligonucleotides 5'-GTGGTGTACATTGAG-3' and 5'-AGGTGGCTGATGATG-3'.
(ii) ¬2(¢352)
The 21 amino acids RSPSTHTMASWVKECFLHKLP of the wild-type b4 subunit were deleted using 5'-GTGGTGCA-CATTGAGGAC-3' and 5'-ACCTTCCTCTTCATGAAG-3'.
(iv) 4(¢321^326)
The six amino acids RSPSTH of the wild-type b4 subunit were deleted using 5'-GTGGTGCACATTGAGGAC-3' and 5'-ACCATGGCATCCTGGGTC-3'.
PCR products were subcloned into p BSKS(7), using EcoRI^HindIII sites for the deleted a2-subunits or EcoRIX hoI for the deleted b4-subunits. Mutants identi¢ed by dideoxy sequencing were linearized with HindIII or XhoI and used as transcription templates.
(c) In vitro transcription and oocyte injection
In vitro transcriptions were carried out using 10 mg of linearized DNA and the following RNA p olymerases: SP6 for the wild-type a2-subunit; T3 for the wild-type b4-subunit; and T7 for the deleted subunits, all in the p resence of the cap analogue diguanosine triphosphate. Synthesized RNAs were recovered as described previously (Garc| a-Colunga & Miledi 1995) and dissolved in sterile water for injection into Xenopus oocytes.
The preparation of the oocytes and the injection procedures have been described previously (Kusano et al. 1982; Sumikawa & Miledi 1989) . Brie£y, Xenop us laevis oocytes were isolated and maintained at 16^18 8C in Barth's solution (88 mM NaCl, 1mM KCl, 0.33 mMCa(NO 3 ) 2 , 0.41mMCaCl 2 , 0.82 mM MgSO 4 , 2.4 mM NaHCO 3 , 5 mM Hepes; pHˆ7.4) containing 0.1mg ml 71 gentamicin sulphate. The next day the oocytes were injected with 50 ng of the mixture of RNA encoding di¡erent combinations of wild-typ e and/or mutated a2-and b4-subunits in a 1:1 ratio. Two days later the oocytes were treated with collagenase (140 units ml
71
; Sigma, St Louis, MO, USA, type I) for 15^30 min to remove the envelop ing follicular cells (Miledi & Woodward 1989) .
(d) Electrop hysiology
Membrane currents were recorded three to seven days after injection using a voltage clamp technique, with two microelectrodes ¢lled with 3 M KCl (Miledi 1982) . Individual oocytes were placed in a recording chamber (volume ca. 0.1ml) and continuously perfused at room temperature (20^24 8C) with normal frog Ringer's solution (115 mM NaCl, 2 mM KCl, 1.8 mM CaCl 2 , 5 mM Hep es; p Hˆ7.4); the test drugs were diluted in the p erfusing solution and applied at a £ow rate of 5^7 ml min 71 .
RESULTS
(a) Analysis of sequences
Our search for the motif RXPXTH(X) 14 P in the Swiss-Prot and Trembl Protein Data Banks found a total of 111 di¡erent proteins containing this motif. Analyses of these sequences indicated that 82 of them corresponded to nAChR subunits, including subunits of muscle and neuronal types from di¡erent phyla (details of the sequences are shown in ¢gure A1 in electronic Appendix A, available on The Royal Society's Web site). The RXPXTH(X) 14 P motif was located in the M3^M4 intracellular loop, between the M3 transmembrane segment and the phosphorylation sites (¢gure 2).
The RXPXTH(X) 14 P motif was also found in 20 mainly microbial and mammalian catalases, in the ribosomal protein L9 from Mycobacterium leprae and M. tuberculosis, in the human transcriptional factor Pax-8 and in capsid proteins of the herpes virus (¢gure A1).
The crystallized structure of the bovine (Bos taurus) liver catalase, which contains the motif, was detected using the PDBSTR database. This crystal was then considered as a three-dimensional reference for the rest of 
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R X P XTH X X X X X X X X X X X X X X P Figure 1 . Amino-acid sequences of the motif and deleted regions in the a2-and b4-subunits. Sequences are shown in the oneletter code and the white blocks show the amino acids deleted in each subunit. the proteins containing the RXPXTH(X) 14 P motif. The bovine hepatic catalase is a tetramer (57 kD per monomer) with protoporphyrin IX as a prostetic group. Its three-dimensional structure has been resolved at 0.25 nm, allowing the identi¢cation of four domains (Murthy et al. 1981) . The RXPXTH(X) 14 P motif is located in the second domain, between a-helices 3 and 5 (¢gure 3). The ¢rst four amino acids forming the motif are located in a b-turn segment connecting a-helices 3 and 4. As is usual for b-turn structures, these four amino acids are hydrophilic. The ¢fth amino acid of the motif, the second P, is located 14 amino acids towards the carboxy terminus, in a punctual bend of the peptide structure that separates a-helices 4 and 5 (¢gure 3). The amino acids in the b-turn between a-helices 3 and 4 participate in the stabilization of the quaternary structure of bovine catalase, and it appears that the ¢rst four amino acids of the RXPXTH(X) 14 P motif are engaged in protein^protein contact (Murthy et al. 1981) . Therefore, the conserved amino acids of the RXPXTH(X) 14 P motif are found in sections that link a-helices: the ¢rst four in a b-turn connecting a-helices 3 and 4, and the ¢fth generating a bend in the middle of a helical segment.
(b) E¡ects of motif mutations on nAChR function
The possible functional role of the motif in the rat a2 and b4 nAChR subunits was explored by expressing wildtyp e subunits in combination with deleted nAChR subunits in Xenopus oocytes and examining their response to acetylcholine. In non-injected oocytes no currents were elicited by either acetylcholine (100 mM) or nicotine (100 mM). Oocytes injected with a mixture of RNAs encoding the wild-type a2-and b4-subunits resp onded to acetylcholine with an inward current (acetylcholine current) whose amplitude depended on the acetylcholine concentration. With 100 mM acetylcholine the mean amplitude of the current was 6.53 § 0.55 mA (12 oocytes, three donors) (¢gure 4). In oocytes injected with RNAs encoding the a2(¢332^352) and wild-type b4-subunits, in a 1:1 ratio, no detectable membrane currents were elicited by either acetylcholine or nicotine (18 oocytes, four donors). Similar results were obtained when the b4(¢321^341) subunit, in which the motif was totally deleted, was co-injected with the wild-type a2-subunit (15 oocytes, four donors) (¢gure 4).
According to the crystal structure of bovine catalase, two sections can be distinguished in the segment where the motif is located: the initial four amino acids of the motif (RXPXTH) with a predicted b-turn connecting two a-helices; and the second P that confers a punctual bend within a large a-helix. Since oocytes injected with mutant a2-or b4-subunits in which the entire motif had been deleted showed no response to acetylcholine, we decided to delete these two motif sections separately.
Deletions of the second P of the motif in the a2-subunit (a2(¢352)) and the six amino acids containing the ¢rst section of the motif in the b4-subunit (b4(¢321^326)) were constructed (¢gure 1). Oocytes injected with RNAs encoding the mutant a2(¢352) and the wild-type b4-subunits (in a 1:1 ratio) still generated acetylcholine currents, but these were much smaller than those obtained in oocytes injected with the wild-type a2-and b4-subunits. The mean amplitude of the current elicited by 100 mM acetylcholine was 2.1 § 0.14 mA (ten oocytes, three donors) (¢gure 4).
Oocytes injected with the wild-type a2-and the b4(¢321^326)-subunits generated even smaller acetylcholine currents than oocytes expressing the a2(¢352)-and wild-type b4-receptors. The mean amplitude of the current elicited by 100 mM acetylcholine in oocytes expressing wild-type a2 and b4(¢321^326) nAChRs was 29.4 § 7 nA, which represents only 0.45% of the mean acetylcholine current generated by oocytes expressing the wild-type a2 and b4 nAChRs. Sample acetylcholine currents elicited by acetylcholine and nicotine in oocytes expressing wild-type a2 and b4 or mutant receptors are illustrated in ¢gure 4. The amplitudes of the agonist-induced currents decreased in the order a2^b4 4 a2(¢352)^b4 4 a2^b4(¢321^326) and the decay of the current during prolonged applications of acetylcholine, due to nAChR desensitization, was fairly similar for all three combinations of receptors expressed. Furthermore, the currents evoked by nicotine had larger amplitudes, faster desensitizations and slower recoveries than acetylcholine currents.
Since it has been reported that a single mutation in the neuronal a7 nAChR converts serotonin from an antagonist into an agonist (Palma et al. 1996 (Palma et al. , 1997 , we brie£y tested some acetylcholine-receptor antagonists to explore the possibility that these drugs were acting as agonists on the mutated nAChRs. No detectable membrane currents were elicited by the nicotinic antagonists hexamethonium (1mM), tetraethylammonium (1mM) or (+)-tubocurarine (100 mM) on oocytes injected with any of the four mutant nAChRs.
DISCUSSION
Databases of protein sequences and structures have expanded rapidly and have revealed that many protein sequences adopt the same general folds. Structure determinations suggest that most of the new structures comprise motifs or domains that have been identi¢ed in other, often functionally di¡erent, proteins. This fact indicates that there is fundamental redundancy in protein structures ( ¶ Sali et al. 1990; ¶ Sali & Kuriyan 1999) . The question then arises, is it possible to infer protein structures based on the information available in sequences databases?
We detected a ¢ve-amino-acid motif in a 21-aminoacid segment of two major families of unrelated proteins: nAChRs and catalases. The motif seems to be located in regions that connect structured sections of the protein, usually a-helices, which together could form a domain. Some insight on the probable three-dimensional conformation of this segment was derived from the crystal structure of bovine hepatic catalase. Based on this, the domain would encompass a set of three a-helices, the ¢rst two being joined by a b-turn formed by six amino acids, four of which are part of the motif. The second and third a-helices are almost continuous except for a bend generated by the ¢fth amino acid, the second P of the motif. In nAChRs the initial section of the motif could connect two a-helices, as in the bovine catalase. These a-helices would be the one forming the M3 transmembrane region and the one situated towards the phosphorylation sites. This second a-helix would have a bend produced by the second P.
Additional coincidences augment the correspondence between the segments containing the motif in the catalase and those in the nAChR subunits:
(i) In nAChR subunits and catalases, the NH 2 section of the motif occurs immediately after hydrophobic domains: the transmembrane segment M3 in nAChR subunits and a-helix 3 in catalases. It has been recognized that a-helix 3 is part of a`hydrophobic channel' that allows the substrate (H 2 O 2 ) to reach the active site of the enzyme (Murthy et al. 1981) . structure of bovine hepatic catalase (¢gure 3). The next section towards the carboxy terminus was considered by the prediction programs to be a structured segment, mostly a-helix. In the nAChR subunits, that segment would correspond to a-helix 4 of the bovine hepatic catalase. (iii) Hydrophobicity analyses indicate that the initial section of the motif, containing the b-turn, is hydrophilic in all nAChR subunits and catalases, whereas the other section of the motif, containing the second P, tends to be hydrophobic. (iv) The second P of the motif, which marks the junction between the fourth and ¢fth a-helices in bovine hepatic catalase, is 10^15 amino acids from the phosphorylation site(s) of the nAChR subunits. As a working hypothesis, the bend associated with this P may contribute to the three-dimensional arrangement required for the recognition of phosphorylation site(s) by protein kinases and phosphatases in the nAChR subunits. (v) As in bovine hepatic catalase, the amino acids present in the hydrophilic section of the motif in nAChR subunits could be involved in the stabilization of the quaternary structure of the protein (Yu & Hall 1994) .
The cytoplasmic loop containing the motif in nAChRs is highly variable in length and sequence. Jing et al. (1990) reported some similarity between a motif identi¢ed in the transferrin receptor and the region of the cytoplasmic loop containing our motif. However, there were no signi¢cant similarities between the RXPXTH(X) 14 P motif of the nAChR subunits and the transferrin-receptor motif.
Our results indicate that the motif is relevant to the functionality of the a2-and b4-receptors, since its complete deletion in either the a2-or the b4-subunit abolished the response of oocytes to cholinergic ligands. We believe that this e¡ect depends directly on the absence of the motif, and not on the size of the deletion, because preliminary experiments in which a di¡erent sequence was inserted in place of the motif again led to non-responsive oocytes (data not shown). This suggests that the motif is necessary for the generation of acetylcholine currents. Noda et al. (1983) reported the e¡ect of several aminoacid substitutions in the a-subunit of Torpedo californica expressed in Xenopus oocytes. The substitution of the amino-acid sequence FIDTIP, which includes the second P of the motif, by RAR results in a signi¢cant decrease in acetylcholine sensitivity. We found similar results when the last P of the motif in the a2-subunit was deleted and co-expressed with the wild-type b4-subunit. The oocytes expressing a2(¢352) and wild-type b4-receptors generated smaller acetylcholine and nicotine currents than the oocytes injected with the wild-type subunits. A possible explanation for this e¡ect is that the deletion a¡ects the assembly or the properties of the receptors. Further experiments are needed to distinguish between these possibilities.
In catalases, three amino acids of the motif described here have been implicated in the contact between monomers (Murthy et al. 1981) . Based on the three-dimensional structure of bovine catalase, the residues that form the motif in the nAChR subunits may play important roles in nAChR assembly. Yu & Hall (1994) reported that a sequence of 17 amino acids near the C-terminal end of the M3^M4 loop was necessary for a late step of acetylcholine-receptor assembly. They found that in a chimeric a-subunit, in which the 17-amino-acid segment was replaced with the corresp onding segment of the b-subunit, the receptorassembly pathway did not continue. Nevertheless, they detected 125 I a-bungarotoxin binding, indicating that the chimeric subunit was capable of folding correctly. They also observed in a di¡erent experiment that when a region of the a-subunit, including the motif described in this report, was replaced by its equivalent from the b subunit, the 125 I a-bungarotoxin binding in the plasma membrane of oocytes was signi¢cantly diminished with respect to the control. This result supports the hypothesis that the presence of the motif reported here is relevant to the functioning of the nAChR, and further supports a lack of appropriate assembly as the putative explanation for the decline of the currents elicited by cholinergic agonists in wild-type a2-and b4-receptors when the motif is deleted.
In conclusion, we detected a new motif formed by a ¢ve-amino-acid pattern in a block of 21 amino acids present in two major families of unrelated proteins: nAChRs and catalases. This motif may play an important role in determining the structure and function of nAChRs.
